Purpose Land use is a potentially important impact category in life cycle assessment (LCA) studies of buildings. Three research questions are addressed in this paper: Is land use a decisive factor in the environmental impact of buildings?; Is it important to include the primary land use of buildings in the assessment?; and How does the environmental performance of solid structure and timber frame dwellings differ when assessed by distinct available models for quantifying land use impacts? Methods This paper compares several operational land use impact assessment models, which are subsequently implemented in an LCA case study comparing a building constructed using timber frame versus a solid structure. Different models were used for addressing the different research questions. Results and discussion The results reveal that contrasting decisions may be supported by LCA study results, depending on whether or not and how land use is included in the assessment. The analysis also highlights the need to include the building land footprint in the assessment and to better distinguish building locations in current land use impact assessment models. Conclusions Selecting land use assessment models that are most appropriate to the goals of the study is recommended as different models assess different environmental issues related to land use. In general, the combination of two land use assessment methods for buildings is recommended, i.e. soil organic matter (SOM) of Milà i Canals and Eco-indicator 99.
Introduction
The building sector is amongst the most cross-cutting industrial sectors. Transition towards sustainable building hence requires harmonisation of and interaction between diverse topics from security of the citizen to environmental impact, human health and resource efficiency. Several European Commission (EC) policies recognise the relevance of considering environmental impacts of buildings from a life cycle perspective with respect to resource efficiency, construction and demolition waste, and energy (EC 2009; EC 2010a, b; EC 2011a; EC 2012) . In order to effectively accommodate these issues, the European EN15804 (CEN 2011) and EN15978 (CEN 2012) standards recommend the use of Life cycle assessment (LCA) for evaluation of construction products and buildings.
LCA is a decision support methodology for assessing potential impacts that may occur during the life cycle of a product, considering a variety of resource use, human health and environmental impact categories. EN15804 and EN15978 require consideration of the following environmental impact categories: global warming, ozone depletion, acidification of soil and water, eutrophication, photochemical ozone creation and depletion of abiotic resources. In addition, ten criteria related to resource use, three for waste and four criteria for output flows (i.e. re-use, recycling, energy recovery and energy) are also included. On this basis, it would appear that priority impact areas (resources, waste and energy) identified in the aforementioned policy documents are sufficiently accommodated in analyses based on these standards.
Although land use is a potentially relevant environmental impact category for life cycle-based evaluations of the construction sector, it is currently not included in existing national and European norms and standards such as the EN15804 and EN15978, NEN 8006 (NEN 2004) and NF P 01-010 (AFNOR 2004) . Consideration of land use related to resource extraction, production, transport and end-of-life treatment of building products is similarly neglected in widely used sustainability certification systems of buildings such as the BRE Environmental Assessment Method (BREEAM) (BRE 2007 (BRE , 2013 , Leadership in Energy and Environmental Design (LEED) (USGBC 2013) and the German Sustainable Building Council (DGNB 2013) system. Hence, these certification systems only consider land use in a limited sense (land use of the building itself in only specific cases). Land is, however, essential for the provision of ecosystem services, such as food and biomass production, and for the maintenance of key environmental functions such as soil functions and carbon storage (EEA 2010) . It is also a finite resource. How land is used is a critical determinant of environmental change and impacts on ecosystem quality (such as biodiversity) and function. Several European policies such as the Soil Thematic Strategy (European Commission-EC 2006) and the Biodiversity Strategy to 2020 (EC 2011b) explicitly recognise land use change as figuring amongst the most important environmental concerns. The Roadmap for a ResourceEfficient Europe (EC 2011a) also considers improved land use management as a key contributor to achieving more sustainable use of resources.
Additionally, although LCA is a widely used methodology to assess the environmental impact of buildings (Allacker et al. 2011; Asif et al. 2007; Feist et al. 2001) , the main focus of LCA studies of buildings has been on energy-related impacts (Passivhaus Institut 2006; Helgeson and Lippiatt 2009; Nemry et al. 2010; Valderrama et al. 2012; Zabalza Bribián et al. 2009 ). Even in more comprehensive LCA-based evaluations, land use is not included. For example, Nemry et al. (2010) review the environmental profiles of 72 building typologies in the European Union (EU) in terms of primary energy use, and acidification, eutrophication, global warming, ozone layer depletion and photochemical ozone creation potentials. Similarly, Werner and Richter's (2007) review of the life cycle environmental impact of building materials -which demonstrates that wood products tend to have a lower environmental impact compared to functionally equivalent products composed of other materials -takes into account a broad suite of impact categories. Land use is not comprehensively considered in either of these analyses.
An environmental cost evaluation by Allacker (2010) and Allacker et al. (2011) underscores the importance of considering land use in order to increase the robustness and credibility of LCA studies in the building sector. However, a recent evaluation of existing methodologies for impact assessment in LCA suggested that current models for quantifying land use are subject to considerable uncertainty (Werner and Richter 2007; EC-JRC 2011) . In part, this is due to the multifunctional nature of land and the various possible impact pathways that can be considered (Allacker 2010) .
Amongst other impact categories (Finnveden et al. 2009 ), land use modelling in LCA has been the subject of considerable research. A subset of available land use impact assessment models were summarised and reviewed in the International Reference Life Cycle Data System (ILCD) Handbook (EC-JRC 2011). The ILCD review includes models covering the main attributes of Ecosystem Quality that are affected by land use: biodiversity, biotic production potential and ecological soil quality. ILCD provides an overview of several midpoint (expressing potential impacts early in the cause-effect chain) and endpoint (expressing the damages further along the cause-effect chain) models and indicat o r s , s u m m a r i s i n g t h e i r m a i n c h a r a c t e r i s t i c s . Recommendations are made as to their suitability for the use based on a set of preselected criteria (Electronic supplementary material, Table S.1). Although the endpoint indicators are easier to interpret, their associated level of uncertainty may be higher due to an increase in modelling, scenario and parameter complexity (Bare et al. 2000) . Beside the models reviewed and recommended in the ILCD (Milà i Canals et al. 2007) , some other models also contributed to the current status of land use modelling (Bluemer and Kylaekorpi 1998; Köllner 2003; Köllner et al. 2013b; Köllner and Geyer 2013; Michelsen 2008; Müller-Wenk 1998; Saad et al. 2013; Souza 2010; Souza et al. 2013; Weidema and Lindeijer 2001) . This paper focuses on the quantification of land use impacts in LCA of buildings. A distinction is made between two types of interventions: land transformation and land occupation. Land transformation (also called land use change or land conversion) occurs when there is a change in the land use type in a certain area (for example, from forest to organic meadow) that leads to a transformation impact. Land occupation takes place when a specific land use type is maintained which leads to a delay in the recovery of land to its potential natural state. Transformation and occupation may lead to reversible or irreversible (also called permanent) impacts.
Our study deals with both the building "footprint" or land use surface transformed and occupied by the building itself (primary land use) and the land transformation and occupation associated with the extraction of resources, production of building materials, heating and maintenance of buildings, and end-of-life (EOL) treatment of building products, including all necessary transport activities. Three main research questions are addressed: (1) Is land use a decisive factor in the environmental impacts of buildings? (AAVV 2005) ; (2) Is it important to include the primary land use of buildings in the assessment? (AFNOR 2004) ; and (3) How does the environmental performance of similar solid structure and timber frame dwellings differ when assessed by distinct available models for quantifying land use impacts? (Allacker 2010) 2 Materials and methods
The three research questions were analysed based on the same case study, as described in the subsequent section. Different life cycle environmental impact assessment methods were used for the different research issues and are further elaborated in Section 2.2.
Case study
The case study is a flat-roofed, single-storey, single-family detached house in Belgium ( . The life span of the dwelling is assumed to be 60 years for the calculation of the energy demand and cleaning, maintenance and replacement activities. For the calculation of the land use impacts from occupation and transformation, the Ecoinvent default use periods for the different land use classes were assumed. The thermal compactness of the house (i.e. ratio of the volume and the building envelope surface) is 0.967 m. The house is assumed to be newly built in compliance with the current (2012) building regulations in Belgium regarding energy performance (i.e. insulation value, energy use, ventilation and overheating) (VEA 2012) . Two different construction techniques are compared: a solid structure and a timber frame structure. The solid structure is composed of cavity walls of clay building blocks (and brick veneer as external finishing), inner walls of clay building blocks and a flat roof consisting of a precast hollow reinforced concrete slab. The timber frame is composed of a wood skeleton filled with rock wool insulation (and a brick veneer as external finishing) and a flat roof composed of wooden joists and cross beams. The composition of the most important building elements (floor on grade, inner and outer walls and flat roof) is presented in the Electronic supplementary material, Table S.3. The windows have thermally improved double glazing (U value of 1.1 W/m 2 K). The solid structure house has aluminium window frames with a U value of 1.4 W/m 2 K, while the timber-framed house consists of insulated timber window frames with a U value of 0.74 W/ m 2 K. The air-tightness of both dwellings is assumed to be identical and equals 0.6 air changes per hour. 2 floor area, heated to an average daily temperature of 18°C, per year. It is assumed that there is no cooling. A detailed description of the functional unit, system boundaries and life cycle inventory can be found in the Electronic supplementary material, Tables S.9-S.10.
Methodological approaches for addressing land use impacts under different research questions
Different operational land use impact assessment models were used to answer each of the three research questions. The first research question, i.e. whether land use is a decisive factor in the environmental impacts of buildings, was addressed by analysing the importance of land use as an impact category (i.e. as compared to other impact categories) in a multi-criteria LCA. Three endpoint methods, Eco-Indicator 99 (EI99) (Goedkoop and Spriensma 2000) , ReCiPe (Goedkoop et al. 2012 ) and IMPACT 2002+ (Humbert et al. 2012; Jolliet et al. 2003) were applied to evaluate the timber frame and solid structure dwellings, first including then subsequently excluding assessment of land use. For EI99 and ReCiPe, the normalisation factors according to the 'hierarchist' profile and average weighting factors were used (see Table 1 ). The resulting six single scores allowed for evaluating if land use is a decisive factor or not in a comprehensive LCA of buildings. In this analytical step, the building was assumed to be built on arable land. As the purpose was to roughly estimate the relative importance of land use in a multi-impact category life cycle analysis evaluated at endpoint level, it only comprises the production stage (production of the materials) and energy use during the use stage of the building, including primary land use. This seems justified because previous research suggests that these two stages are the most important for new residential buildings (according to current building standards in Belgium) (Allacker 2010) .
The same assessment methods were used for the second research question, focusing on the relative importance of primary versus secondary land use. The three endpoint methods were applied for different scenarios regarding the location of the new building assuming five alternative land use types (i.e. agriculture land, arable land, pasture and meadow, dump site and an intensive forest). Two types of building were furthermore analysed (i.e. continuously built (at least 80 % of the area occupied is considered to be sealed) versus discontinuously built (less than 80 % of the total area is considered to be sealed)). For each of these scenarios, the land use impact was investigated through a detailed analysis of the contribution of (a) transformation from the previous land type, (b) transformation to the new land use type/class and (c) occupation of the new type of land use type/class. The third research question, i.e. how does the environmental performance of similar solid structure and timber frame dwellings differ when assessed by distinct available models for quantifying land use impacts?, was analysed based on a comparative LCA of the solid structure and timber frame dwelling using the 14 ILCD-recommended impact categories and models (EC-JRC 2011). Table S. 14 (Electronic supplementary material) provides an overview of the assessment models for each impact category with the corresponding indicator. Additionally, a more in-depth analysis of the land use impact was undertaken by comparing the results with those obtained using other land use impact assessment models. Five alternative models were used: ReCiPe midpoint (Goedkoop et al. 2012) , EPS2000 (Steen 1999) , EI99 endpoint (Goedkoop and Spriensma 2000) , ReCiPe endpoint (De Schryver and Goedkoop 2009 ) and Swiss Ecoscarcity (Frischknecht et al. 2008 ). These were selected because they were considered in the analysis undertaken to develop the ILCD recommendations for life cycle impact assessment (LCIA) methods and models, and because of their availability in SimaPro software (Pre Consultants 2012). The considered impact assessment models for the land use sensitivity analysis are summarised in the Electronic supplementary material (Table S. 15), including the sources of the characterisation factors used. For this analysis, all life cycle stages of the building were considered. Moreover, we added, at the end of this paper, some comments on models recently developed and not yet operational, but which introduced substantial improvements to land use modelling in LCIA.
Results

The relative importance of land use in a comprehensive LCA of buildings
The LCA of the timber frame and solid structure building reveals that, when land use is not included, the timber frame dwelling has a better overall (i.e. single score) environmental performance than the solid structure building, according to all three of the endpoint methods applied ( Table 1 ), revealing that land use plays an important role on impacts from the timber frame. However, if land use impacts are considered, the solid structure building scores better according to EI99 and ReCiPe, while the timber frame dwelling has apparently lower impacts according to the IMPACT 2002+ method. The minor importance of land use in the IMPACT 2002+ method (0.9 and 0.1 % for the timber frame and solid structure building, respectively) explains this difference. A more detailed look at IMPACT 2002+ clarifies that it does not take into account land transformation impacts. As it is explained below, this is not, however, the primary reason for the apparently small contribution of land use in the overall environmental score. Furthermore, IMPACT 2002+ takes the characterisation factors for land occupation directly from EI99, which means that the same impact of land use is accounted for. However, IMPACT 2002+ uses different normalisation and weighting factors than EI99, which results in a small contribution of land use in the overall score. This is illustrated in Table 2 .
A further analysis of the inventory and impact assessment results for land use clarified that land occupation is contributing most to the impact, while land transformation has only a minor impact. This is mainly due to either the absence of characterisation factors for land transformation (as in IMPACT 2002+) or due to the attribution of zero values for transformations from natural to natural (e.g. forest to forest, intensive) land use types. More specifically, the 'flow' 'occupation, forest, intensive, normal' ('forest, intensive' in Köllner et al. (2013a) ), representing harvest of softwood used for the structure of the flat roof and hardwood used for timber frame windows led to the highest impact. As the flat roof contributed most to the impact due to 'occupation, forest, intensive, normal' (42 %), this element was analysed in more detail for the three methods ( Table 2 ). The results clearly indicate that the three methods assign very different single score impacts. This is largely due to a difference in normalisation and weighting factors between the methods. For example, comparing the resulting single scores for IMPACT 2002+ and EI99, the damage assessment results are equal because both models apply the same characterisation factors for land occupation (Table 2 ). Due to differences in normalisation (for EI99, one order of magnitude smaller) and weighting (for EI99, two orders of magnitude higher), however, the resulting single score for these two models differs by three orders of magnitude.
The analysis hence confirms that land use can be a decisive factor when comparing the life cycle environmental impact of a timber frame and solid structure building (Table 1 ). The analysis moreover highlights the importance of choosing an assessment method that covers the goal of the study (Table 2) .
Primary versus secondary land use
The results of the land use impact due to primary land use are summarised in Table 3 for each of the three impact assessment methods employed. For comparative purposes, the impact due to secondary land use is also included in the table for both the timber frame and solid structure buildings. Based on EI99, the impact of primary land use is higher than that of secondary land use (i.e. 3.63-6.04 compared to 0.5-3.27 Pt/m 2 floor). According to the ReCiPe results, this is only true for the solid structure building (i.e. 2.74-6.98 compared to 1.08 Pt/m 2 floor), while the opposite is true for the timber frame dwelling (i.e. 2.74-6.98 compared to 9.94 Pt/m 2 floor). According to IMPACT 2002+, the impact due to secondary land use for both building types and for all locations is higher (i.e. 0.0042 compared to 0.03-0.31 Pt/m 2 floor). IMPACT 2002+ only assesses occupation impacts, which explains the unimportance of the location of the newly built dwelling for the study results. This is a significant limitation of the method, which should be considered when choosing whether or not to use it in a specific context. For example, when a study is performed to investigate the environmental impacts related to choice of location for a new building, IMPACT 2002+ should not be employed.
ReCiPe assigns a higher impact when the house is built on forest land compared to the other land types (the impact is more than double). This is because, although ReCiPe takes into account land transformation, it does not differentiate between land use conversions from a natural to a natural land use type such as transformation from forest to shrubland, nor from a non-natural to a non-natural land use type such as from agriculture to urban. For these transformation processes, the characterisation factors are zero (CF=0). As observed in Table 3 , the land use change 'from forest intensive' is the only transformation to which a CF is attributed (CF trans =130 PDF· m 2 ·year or CF trans =1.92×10 −6 species·year). It is important to understand this limitation of the method when analysis of building location is important in an LCA study. Amongst the three methods considered, EI99 provides the greatest differentiation between the different land use categories. In comparison to IMPACT 2002+, it allows consideration of impacts of transformation, and in comparison to ReCiPe, it distinguishes transformations between two natural (or closeto-natural) or non-natural land use types. According to the results generated using EI99, the highest impact occurs when the house is built on agricultural land-the only land type of the four considered that does not produce a negative impact due to 'land transformation from'. This is because EI99 a The resulting damage assessment value for ReCiPe in species·year corresponds to the value of 127 PDF·m 2 ·year, considering a total number of species in the world equal to 1,604,000 and a damage area surface, in square meter, of 1.084.10 subdivides the land category 'agriculture' into different subcategories, of which 'arable' is one. The method does not provide characterisation factors for the land use categories which are further subdivided (only the subdivision was assigned characterisation factors). It can hence be concluded that it is important to check the structure of the different land use categories of the environmental impact assessment method selected in order to verify that these are appropriate in the context of a given study.
Of the three methods considered, ReCiPe is the only one that does not differentiate between the impacts of continuously and discontinuously built urban land. Both IMPACT 2002+ and EI99 assign a higher land use impact to continuously built land.
Based on the analysis of this specific building typology (i.e. a single-family one-level detached dwelling), the order of magnitude of the impact of primary land use is similar to that of secondary land use for the building. It should be noted, however, that this conclusion is specific to the case study considered and cannot be generalised to all buildings. Because the single-storey building in the case study occupies a relatively high amount of land per square meter floor area, the impact of the primary land use is correspondingly higher than it would be for more densely built multi-storey buildings. For example, for an apartment building with ten floors with the same useful floor area per apartment, the impact due to primary land use of the building per square meter floor area will be only 1/10th of that of the current case study. It can, therefore, be concluded that considering the primary land use of the building is very important for low density buildings but not necessarily so for other building typologies. The relevance of primary land use for high-density buildings in more natural areas needs further investigation and, even more importantly, for the comparison of design alternatives with different densities (see Electronic supplementary material, Fig. S.2 , for an illustrative example of the influence of building typology on primary land use impact of buildings). From an urban planning perspective, density may be an important component of reducing impacts due to primary land use of buildings.
Comparative LCA of solid structure versus timber frame dwellings
The comparative LCA of the solid structure and timber frame dwellings using ILCD-recommended models (EC-JRC 2011) shows that the timber frame dwelling has a lower life cycle impact for all impact categories other than land use, for which both dwellings perform similarly (Fig. 1) . A significant difference of more than 20 % is observed for depletion of minerals and fossil fuels. This is largely due to the different impacts of the two structural systems that are attributable to their characteristic elements and supporting life cycle stages. For example, the different window frames (i.e. aluminium versus timber) respectively used in the compared structures were largely responsible for differences in impacts at the production stage, while differences in the material properties of the inner and outer walls and the flat roof between the two structures resulted in different transportation-related impacts. For land use, in particular, few differences could be observed when using the ILCD-recommended soil organic matter (SOM) model from Milà i Canals et al. (2007) (Fig. 1) .
The results of the sensitivity analysis of the land use impact category modelling reveals that the environmental performance of the timber frame dwelling is worse (i.e. with a higher impact ranging from 4 to 891 %) than of the solid structure dwelling regardless of which of the six considered impact assessment models is applied (Fig. 2) . The comparatively higher impact is mainly due to differences in the production stage of building materials for the timber compared to the solid structure building, as well as the replacement of materials that are required over time.
The outer walls, inner walls and windows lead to a higher land use impact in the production stage for the timber frame compared to the solid structure dwelling, regardless of the impact assessment model applied. The flat roof is the element that contributes most to the land use impact during the production stage of the timber frame dwelling, except for the results obtained when using the SOM method of Milà i Canals et al. (2007) . The foundations, floor on grade and technical services are the elements, which contribute most to the land use impact of the solid structure building for all methods other than the 'wood growth capacity' of the EPS2000 method (i.e. refers to a midpoint impact category which considers the reduction in the capacity of wood growth (in kg), contributing to the overall 'Ecosystem Production Capacity' damage category), which indicates a higher growth capacity for the solid structure elements.
Due to its high contribution to land use impacts in the production of the timber frame building, the flat roof was analysed in more detail for both the solid structure and timber frame dwelling (Electronic supplementary material, Figs. S.3 and S.4). For the timber frame dwelling, the joists and cross beams in the flat roof contribute most to land use impacts regardless of the land use impact assessment model applied. For the roof of the solid structure building, the precast hollow reinforced concrete slab is most important. The latter, however, has a much lower land use impact compared to the joists and cross beams for all indicators of land use except SOM (where impacts are similar). Fig. 1 Relative comparison of the life cycle environmental impact results of the solid structure and timber frame dwelling using the ILCD recommended methods, including land use assessment according to Milà i Canals Fig. 2 Sensitivity analysis of the land use life cycle environmental impact of the solid structure (SOL) and timber frame (TF) dwelling: contribution of the different life cycle stages and processes Despite this general consistency in assessment results across the methods applied, the degree of difference in estimated impacts between the two alternative flat roofs is actually highly variable. The apparent difference is smallest when using the SOM method (6 % higher impact for the joists and cross beams compared to the hollow reinforced concrete slab) and largest for the EDP method (14,8 %) .
With respect to soil carbon change, the mining of gravel contributes most to the land use impact of the concrete roof slab. More specifically, the land transformation associated with the extraction of gravel is largely responsible for the impact. This is followed by the production of unalloyed steel and Portland cement. For both, again, the land transformation for the mineral extraction site contributes most to the land use impact. A closer look clarifies that the high score is due to the influence of both the characterisation factors used and the amount of materials needed. For 1 m 2 of roof slab, we assumed 0.113 m 3 of concrete, which consists of 213 kg of gravel. For 1 kg of gravel, 0.0000288 m 2 of land is transformed to mineral extraction site. With a characterisation factor for the flow 'Transformation, to mineral extraction site' of 7.5×10 3 kg C, this results in a land use impact of 46.13 kg C/m 2 roof. For the roof slab of joists and beams, the sawn timber contributes most to the land use impact. Land occupation (of different types) is responsible for 36 % of the land use impact, with the main contribution from 'Occupation traffic area, road embankment' (33 %). Land transformation (different types) is responsible for 64 %, due to two flows: 'Transformation to traffic area, road embankment' (85 %) and 'Transformation to mineral extraction site' (25 %).
Conclusions and recommendations
Based on the implementation of three widely used endpoint LCIA methods, Eco-Indicator 99, ReCiPe and IMPACT 2002+, land use was identified as a decisive factor in determining the apparent environmental preference of a singlestorey, single-family timber frame versus solid structure dwelling. It is hence recommended to include the land use impact category in LCA studies of buildings. Due to the importance of the normalisation and weighting factors used in endpoint LCIA methods, these factors must be carefully selected and transparently communicated. Currently, it is a common practice to only consider secondary land use in LCA studies of buildings. However, our analysis revealed the importance of also including primary land use. This will be particularly important for differentiating between the land use impacts of low-versus high-density developments.
As existing impact assessment methods for land use are highly heterogeneous, the choice of method should be based on consideration of the specific features of alternative methods and should be carefully matched with the goals and scope of the LCA study. Of the three endpoint methods considered, Eco-Indicator 99 was identified as the most comprehensive. IMPACT 2002+ does not consider impacts from transformation of land, which may influence the species number in a given area. ReCiPe does not distinguish impacts that may occur due to transformations between two different natural or non-natural land use types. In the case of the latter, this effectively means that the biodiversity change resulting from a transformation from an agricultural field into an urban area, for example, is not taken into account. The same is true for a conversion from a primary forest to a managed forest, with intensive use (forest, intensive), for which ReCiPe assigns a characterisation factor of zero. More refined differentiation is hence recommended for the endpoint methods applied with regard to transformation characterisation factors. In the three abovementioned methods, no differences are, for example, assigned amongst defined land use subcategories, such as forest, forest extensive and forest intensive. This means that a natural, primary forest and a managed forest, with intensive use, are assigned the same loss of species diversity. Moreover, characterisation factors in the considered endpoint methods that consider land transformation (i.e. Eco-Indicator 99 and ReCiPe) only result in a significant impact for land transformation if a building is located in a forest, again suggesting a need for further refinement. This is particularly needed in the building sector in light of the relevance of this kind of transformation. For example, in EU, soil losses by sealing through infrastructure and buildings are at a pace of, e.g. 120 ha per day in Germany, 35 ha per day in Austria (Jones et al. 2012 ). Urban sprawl is in direct competition with agricultural land uses and is threatening valuable agricultural soils all over Europe.
Based on the application of the ILCD-recommended midpoint models for the 14 impact categories to the case study, the depletion of minerals and fossil fuels is the only impact category for which a significant difference between the solid structure and timber frame dwelling (lower impacts) is observed. However, depletion of resources other than minerals and fossil fuels such as timber, sand, clay and gravel is not considered in the underlying models of the ILCD impact categories. It is hence recommended to add in future, updated versions of these models as they may be important to LCIA results.
Using the SOM (soil organic matter) method of Milà i Canals et al. (2007) , a significant difference between the impacts of the two structures was not observed. In contrast, application of alternative land use LCIA models consistently indicated a higher land use impact for the timber frame dwelling. This result suggests that, although the two structures may not have a significantly different impact in terms of changing the soil carbon content, they do have significant different impacts on biodiversity loss due to the land transformations and occupations associated with the building life cycle. On this basis, it is recommended to implement at least one of these models for assessing biodiversity loss in addition to the SOM method in LCA studies of buildings and construction products. This recommendation is consistent with the ILCD recommendation with respect to the use of SOM for the impact assessment of land use (i.e. a level III recommendation, which means that the method is to be applied with caution and to be subject to sensitivity analysis with other models/methods). The question then arises as to which of the five methods used in the sensitivity analysis could be recommended for accounting for biodiversity loss. As previously stated, it is important to select the right method in relation to the specific scope of the study; hence, it may not be possible to provide a general recommendation for a preferred method. We note, however, that land use LCIA models are complex and that their associated methodological reports may not be sufficiently detailed and transparent to support a well-informed choice. Moreover, considerable time is required to review these methods and to analyse the robustness of the flows and related characterisation factors they employ. Based on the analysis made in this paper, we suggest that Eco-Indicator 99 is the most comprehensive (although not the most recent) model, which may be applied in complement to the ILCD-recommended SOM model.
Our analysis also highlights three additional areas in which methodological improvement for land use LCIA should be achieved. A first improvement is establishing clearer connections between different indicators of land use impact, such as loss of organic carbon, reduction of species richness and loss of supplied ecosystem functions, is desirable. Secondly, more regional characterisation factors are recommended for use in Europe and worldwide. In current practice, different ecoregions within Europe are assigned the same characterisation factors for damage as a result of land transformation and/or occupation (i.e. only generalised characterisation factors are available). Moreover, these values are often applied in global assessments due to the lack of characterisation factors for other parts of the world. Thirdly, currently operational methods for the assessment of loss of biodiversity use vascular plants as surrogate species. These may not be representative of impacts for other taxa. There are, however, a number of newly developed land use models which provide better resolution in this regard (see, for example, those presented in the special issue coordinated by Köllner and Geyer (2013) ). These new models are not yet available for use in commercial LCA software, implying that they are not yet widely used in current practice. It is hence recommended to make these improved, more recent, methods operational. A detailed analysis of these more recently developed models in the context of buildings is identified as an important future research step in order to investigate if any of these is relevant and more appropriate than an existing model already operational. Recently published approaches such as de Baan et al. (2013) following the work developed by Souza (2010) take into account species extinction as a distinction between reversible and irreversible (permanent) impacts. Both works include a wider range of taxonomic groups, such as mammals, reptiles, birds and amphibians, from the WildFinder database (WWF 2013). Moreover, Souza (2010) included a weighting scheme for taking into account the threat status of species as a measure of biodiversity loss. Ecoregion scarcity and vulnerability (habitat loss, fragmentation, degradation and conversion) were considered as a measure of impacts on species habitats.
Looking beyond the land use impact category, our analysis also underscores significant current deficiencies related to accounting for resources in LCIA models. This includes the non-accounting for depletion of biotic resources, such as timber, and abiotic surface minerals (i.e. sand, clay and gravel), in the majority of current operational impact assessment methods. But also, soil itself, an important and finite resource, is usually not taken into account in life cycle impact assessments (other than indirectly via the indication of land area lost or by changes in SOM).
